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EIECTRON MICROPROEE STUDY OF THE JAJH DEH TA(-54839F

KOT LALU ENSTATITE CHONDRITE

5 (/ p Klaus Keil! and Christian A. Andersen2

; ABSTRACT

Polished sections of the Jajh deh Kot Lalu enstatite chondrite
have been studied microscopically. The composition of its minerals
has been ascertained by means of local electron microprobe X-ray
analysis. Well-analyzed minerals and pure elements were used as
standards. Corrections were made for wavelength shift, detectqr

deadtime, background, mass absorptéon, secondary fluorescence, and

atomic number. Oxygen, nitrogen, and carbon were measured quanti-
tatively using newly developed dispersive detection systems. The
following minerals were found and analyzed: enstatite, pigeonite,
oligoclase, kamacite, troilite, oldhamite, daubreelite, ferro
alabandite, schreibersite, graphite, and a new mineral, sinoite
(silicon oxynitride, SioNsO). The unusual mineral association, the
chalcophilic-behavior of Ti, Mn, C;, Ca, the occurrence of Si in
kamacite, and the presence of sinoite indicate that the meteorite

was formed under strongly reducing conditions. Chemical-

enstatite chondrites are discussed. The results suggest that
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enstatite achondrites may have originated via remelting of enstatite
chondrite type stones with simultaneous gravitational separation

under highly reducing conditions.
INTRODUCTION

Meteorites in general were formed under comparatively reducing
conditions. However, among the various stone meteorite classes are
two which were formed in an even higher reducing enviroﬁment than
were the majority of the ordinary stones. These are the enétatite
achondrites and enstatite chondrites. Although small in number
(only nine enstatite achondrites and twelve enstatite chondrites are
known) they are of-particular interest. Due to the highly reducing
conditions, certain rare minerals were formed, most of which are
unknown from terresfrial roggs. In the past, several of these
meteorites and their mineral§3were studied microscopically (e.g-,
STORY -MASKELYNE, 1862, 1870 ;A 71-3,0RGSTR.O'M, 1903; PRIOR, 1916;

JOHNSTON andméém,» 1922; LACROIX, 1923; FOSHAG, 1939, 1940;
KUPLETSKII and OSTROVSKIT, 194%1; LONSDALE, 1947; BECK and LA PAZ,
1951; DAWSON: et al., 1960; RAMDOHR, 1963). However, only very few
quantitative analyses of minerals from these meteorites are ,
available (e.g., BORGSTROM, 1903, FOSHAG, 1940; KEIL and FREDRIKSSON,
1963). The main reasons for the lack of quantitative analyses of
these rare minerals are the difficulties involved in their clean

mechanical separation from the complex intergrowths in the
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meteorites as well as the limited quantities of meteoritic material
available for destructive analysis. These difficulties can be
overcome using electron microprobe techniques which allow non-
destructive, quantitative analyses of mineral grains as small as
one micron in diaméter to be carried out both in polished and in
thin sections.

The Jdajh deh Kot ILalu enstatite chondrite was seen to fall on
May 2, 1926 near the villiage of Jgjh deh Kot Lalu, Faizganj taluk,
Khairpur, Pakistan (26° 45' N, 68° 25' E). Two fragments were
reéovered immediately after the fall, weighing 970 grams together.
The only description was given by HOBSON (1927), who erroneously
classified ﬁhe meteorite as a velned crystalline chondrite;
however, MASON (1962) listed the meteorite properly as an enstatite

chondrite.

METHOD

~—

The chemical compositions of the minerals in the Jajh deh Kot
Lalu enstatite chondrite were determined by electron microprobe
techniques. 7Polished sections of the meteorite were coated with

an evaporated layer of carbon, a few hundred Angstroms thick to

make them conductive. The electron microprobe permits nondestructive

local chemical analysis of a volume of a few cubic microns of the
surface regions of the sample. The sample is bombarded with a

finely focused beam of high-energy electrons and the resultant




X-ray emission spectrum is analyzed for wavelength and intensity
with dispersive X-ray detection systems. The’measurements were
carried out using three Applied Research Laboratory electron
microprobe X-ray analyzers located at the University of California,
La Jolla; at the Hasler Research Center, Goleta, California; and
at the NASA Ames Research Center's Space Sciences Division,
Moffett Field, California. .

The chemical analyses of the minerais were performed in the
following manner. Typical grains were optically selected and
viewed while being bombarded by the electron beam. The ability to
analyze and view a grain simultaneously assures an accurate correla;
tion of chemical composition with the position of the beam on the
sample. Three modes of analysis were used. First, qualitative
spectra were taken of every mineral using a stationary electron
beam and running the spectrometers through the complete wavelength
ranges corresponding to elements of atbmic numbers Z = 5 through
92 (boron tﬁféﬁgh ﬁranium). Second, scanning photographs of the
mineral grains and ‘their immediate surroundings were taken by
sweeping the electron beam over a selected area in the sample and
recording the resultant characteristic X-ray intensities as seen
by the spectrometers on an oscilloscope screen (polaroid photographs
of these images were taken and are presented in Figs. 1, 3, 6, 7,11,
12, 14, and 16). Third, quantitative analyses of the elements

known to be present in every mineral were carried out. Both pure
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elements as well as chemically analyzed minerals were used as standards.
The composition of the enstatite was evaluated using calibration curves
given by KEIL and FREDRIKSSON (1964), while the pigeonite and oligoclase
were analyzed using several chemically analyzed feldspar standards as
well as pure Al and pure Fe. Iron and sulfur in the sulfides were
measured with pure ion and a chemically analyzed pyrite as standards.
Pure Mg (as well as enstatite and olivine), Ti, Cr, and Mn were used

as standards in the analyses of the sulfides, while pufe Fe, Ni, Co,

and Si served to determine the composition of the metallic nickel-

iron. Ca in the sulfides was compared with several Ca feldspars.

Pure Fe, Ni, Co and a chemically analyzed apatite were used to

analyze the schreibersite. The analyses of sinoite were performed

with pure Si, SiOa{ enstatite, and BN as standards. Both graphite

and diasmond were used as standards to determine the graphite in the
meteorite.

The gquantitative data were corrected for wavelength shift,

detector deadtiﬁe, background, mass absorption, secondary fluores-
cence, and atomic number. Elgments of atomic number 12 and above
were corrected with the following data; Mass absorption corrections
were carried out using mass absorption coefficients given in Norelco
Reporter (1962) and the f£(X) tables given by ADILER (1962), while
WITTRY'S (1962) formulas were used for secondary fluorescence

corrections. The atomic number effect was empirically evaluated
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by measuring the iron in FeSy of known composition against pure Fe.
After all other corrections were carried out, the factor necessary
to obtain the proper iron value for the FeSs relative to pure Fe
vwas then used to correct the Mn, Cr, and Fe values in their
respective sulfides relative to the pure metal standards.

In the course of the analysis of the new mineral sinoite

(SizNz0) discovered in this meteorite by electron microprobe analysis,

nitrogen and oxygen were measured for the first time using the
prototype detection systems developed at the Hasler Research Center
employing an ultrathin window detector and analyzing crystals of
large d spacings. Oxygen (Ogy) was measured quantitatively
using a KAP (potassium acid phthalate) crystal spectrometer, while
nitrogen (NKa) was measured with the aid of a barium stearate
monolayer crystal spectrometer. The detector was fitted with an
ultrathin nitrocellulose window and was used for both Oy and Ny,

radiations. The quantitative analyses of silicon, nitrogen, and

oxXygen were pefformed by traversing the mineral grains with point-
by-point integrations. This technigue, also used for the analyses
of the other minerals in the meteorite, was accomplished with a
precision stepping motor which stepped the sample in 3 micron
intervals under a stationary electron beam.

The above mentioned corréctions were applied to correct the
Si, N, and O values of the sinoite. It was found, however, that

there was no measurable wavelength shift between mineral and
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standards. The numbers for silicon, nitrogen, and oxygen obtained
with 5 kv acceleration voltages were corrected for mass absorption
by means of the experimental f(X) curves given by GREEN (1962).
The Cg, curve was used to correct the oxygen and nitrogen, while
the Aly, curve was used to correct the silicon. The mass absorption
coefficents were taken from HENKE et al. (1957). The secondary
fluorescence correction of Ng,, calculated with WITTRY'S (1962)
formulas, was found to be insignificant. The atomic number effect
was corrected in the following way. The silicén and oxygen numbers
of the mineral obtained with 5 kv accelerating voltages were compared
with silicon and oxygen measurements of the surrounding enstatite,
vwhich is almost pure MgSiOaz. The values obtained by measuring
enstatite were then compared to the silicon and oxygen numbers
measured on quartz of constant compositioh. The correctioﬁ factors
necessary to obtain the proper silicon and oxygen values for SiOp,
with enstaﬁite as a standard, were then calculated after all the
aforementioneé\corrections had been applied. These same factors
were then used to correct the silicon and oxygen data of the mineral
on the assumption that the atomic number effect for SisN-0 and
5i05 is similar.

The precision of the measurements was found to be about
1 per cent of the amounts preéent. The accuracy depends upon the
quality of the standards and is about 2 to 3 per cent of the

amounts present. The precision of the nitrogen and oxygen values

is about 10 per cent, while the accuracy is probably not better than
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15 per cent of the amounts present, owing to the uncertainties in
the mass absorption coefficients and the £(X) curves for the long

wavelength.

RESULTS

Enstatite

The orthorhombic pyroxene enstatite is the most abundant
mineral of the meteorite and makes up about 50-60 weight per cent
of it. It is easily recognizable under the electron beam by its
bright blue luminescence. It contains only 0.45% Fe and 0.52% Ca
(Table 1) and, thus, is nearly pure magnesium orthosilicate. It
sometimes occurs in euhedral crystals up to about 80 microns in

length (Fig. 13).
Pigeonite

A pyroxene with higher calcium and iron contents is frequently

observed on thérboundaries between enstatite grains (Fig. 1). Its
composition was determined by moving the sample in 2 micron steps
under a fixed electron beam across the grain boundaries and measuring
the composition quantitatively after each step. (A concentration-
distance diagram is shown in Fig. 2.) The pyroxene contains L.2% Ca

and 1.3% Fe (Table 1); thus, it is properly named pigeonite.




Oligoclase

The meteorite contains about 10 per cent plagioclase. In
polished sections this mineral is easily distinguished from
enstatite by its lower reflectivity (Fig. 4), and by its reddish
luminescence under electron bombardment. The plagioclase was
found to contain 2.2% Ca (Table 1) and thus may properly be
named oligoclase. It occurs in grains up to about 200 microns in
diameter (Figs. 1, 4, and 6). Special care was taken to determine
the iron content of the feldspar. Inclusion-free feldspar grains
were selected optically as well as by using electron beam scanning
images of up to 2000 times magnification. The iron content was

determined in these grains and found to be 0.15 per cent.
Kamacite

About éO per cent of the meteorite is metallic nickel-iron
with an average-nickel content of 5.87 per cent (Table 1). A
remarkable feature oﬁ this kamacite is its silicon content of
0.95 per cent (Table 1; Figs. 1 and 11). The presence of silicon
in the kamacite was first noted by PRIOR
enstatite chondrite. Similar amounts of silicon have been detected
in other enstatite chondrites by RINGWOOD (1961). Together with
the sulfides (Fig. 1) the kamacite occurs in Xenomorphic grains

that £ill the spaces between the silicates (Fig. 4). In some

instances, euhedral enstatite crystals are surrounded by kamacite,
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the enstatite then obtrudes its euhedral outlines upon the kamacite
(Fig. 13). Therefore, the kamacite can be considered to have
erystallized last.

Graphite is characteristically associated with the kamacite,
both in euhedral graphite crystals (Figs. 12 and 13) as well
as in xenomorphic flakes enclosed in the kamacite (Fig. 11). Also,
sinoite (SioN50) has occasionally been observed associated with
the metal (Figs. 15 and 16).

As yet unexplained is the fact that the electron microprobe
analyses of the kamacilte do not add up to 100 per cent. The weight
percentages of Fe, Ni, Co, and Si give only 98.69 per cent (Table 1);
however, a large number of previous analyses of metallic nickel-
iron with the same electron probe, same standards, and similar
working conditions (KEIL and FREDRIKSSON, 1963; SHORT and |
ANDERSEN, 1964) always were very close to 100 per cent. The
deviations frpm 100 per cent therefore seem not to be due to
erroneous anal&ées. The only plausible explanation seems to be
that about 1 to 1.5 @er cent of some other elements are present. A
gualitative spectrum taken on the kamacite showed no other elements
present with atomic numbers Z = 11 - 92 (sodium through uranium)
in amounts greater than about 0.1 per cent. The kamacite was also
checked for elements with atomic numberé Z =5 -9 (boron through

fluorine) but no such elements were detected. However, the sensi-

tivity for these light elements in a metallic nickel-iron matrix
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(high background) is low and possibly only amounts greatef than a
few per cent would have been seen. Therefore, it seems possible
that the kamacite may contain about 1 - 1.5 per cent of some light

elements in solid solution.
Troilite

About 5 per cent of the meteorite is troilite (FeS),, The
mineral occurs in xenomorphic graips frequently associaﬁed with
metallic nickel-iron (Fig. 1). It usually exhibits exsolution
lamellae of daubreelite and ferro alabandite (Figs. 1, 3, and 8-10).
Sometimes troilite grains are surrounded by a thin (~5 ﬁicrons) rim
of oldhamite (Fig. 6).

The chemical composition of the mineral is given in Table 1.

It was found to contain 0.69 per cent titanium and 0.65 per cent
chromium. This is illustrated in electron beam scanning images
(Figs. 1 and 3). The chalcophilic behavior of titanium was first
noted in troili£es from the Norton County achondrite (XEIL and
FREDRIKSSON, 1963). ‘Systematic study of other enstatite chondrites
and enstatite achondrites always revealed the presence of this
element in the troilite (KEIL and ANDERSEN, 1964v,c).

The chromium content of the troilite is interesting and agrees
with the results of VOGEL and HEUMANN (1950) on the Fe-FeS-CrS-Cr
phase diagram. These authors pointed.out that whenever troilite is
the parent substance for the (now exsolved) daubreelite, the troilite

should retain a small amount of chromium.




Oldhamite

The mineral oldhamite (CaS) was discovered by STORY-MASKELYNE
(1862, 1870) in the Bustee enstatite achondrite and has since been
described from several other enstatite achondrites and enstatite
chondrites. In the Jajh deh Kot Lalu enstatite chondrite it was
found in irregularly shaped grains up to about 150 microns in size.
While the other sulfides are rather homogeneously distributed
throughout the meteorite, the oldhamite is highly enriched in
certain regions. Figurg 4 is a microphotograph of such an oldhamite
rich region.

Troilite, daubreelite, and ferro alabandite, the other three
sulfides occurring in the Jajh deh Kot Lalu enstatite chondrite,
are closely associated in this meteorite (Figs. 1, 3, and 8-10).
The main mass of the oldhamite, however, is usually separated from
these minerals (Fig. 4). Where the oldhamite is found in contact
with the other sulfides it forms individual grains (Figs. 1 and 4).
In the sections investigated the oldhamite has never been observed
as exsolution lamellae in troilite. Only once a "lamella" of
ite has been observed in an oldhamite
grain (Fig. 5). Rarely, oldhamite was found as a thin rim
(~5 microns) surrounding larger troilite grains (Fig. 6).

The chemical composition of the oldhamite is given in

Table 1 and illustrated in several electron beam scanning
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images (Figs. 1 and 7). Besides the two major elements, calcium

and sulfur, it contains 0.51% Mg, 1.01% Mn, and O.44% Fe.
Daubreelite

Daubreelite (FeCrzSs) has been discovered by SMITH (1876)
in the Coahuila iron meteorite and was later described from a number
of other irons, particularly hexahedrites (e.g., HEIDE et al., 1932;
PERRY, 1944). In iron meteorites it is always found closely
associated with troilite. The Hvittis enstatite chondrite was the
first stone meteorite where the mineral was observed (BORGSTR&M,
1903). Since then it has been described from several other
enstatite chondrites and enstatite achondrites (e.g., RAMDOHR,

1963; KEIL and FREDRIKSSON, 1963).

In the Jajh deh Kot Lalu enstati£e chondrite the daubreelite
occurs as exsolution lamellae in the troilite. The diameter of
these lamellae may vary from a few microns to more than 100 microns,
even within a single troilite grain (Figs. 1, 3, and 8-10). In
enstatite chondrites the daubreelite generally is very closely
associated with the troilite. This is contrary to its occurrence
in enstatite achondrites, where it is found in isolated individual
grains usually without association to troilite.

The daubreelite in the Jajh deh Kot Lalu enstatite chondrite
was found to contain 16.5% Fe, 35.3% Cr, 44.4% S, and in addition,

the minor elements of 2.38% Mn and 0.05% Ti (Table 1).
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Ferro Alabandite

A manganese sulfide with a considerable iron content (no analysis
given) was first described from the metallic iron bearing basalt from
Buhl near Kassel, Germany (RAMDOHR, 1952). It was later found in
a pyrrhotite ineclusion of the phonolite from Fohberg near Oberschaff-
hausen, Germany (RAMDOHR, 1957) and was named "Eisenalabandin"

(ferro alabandite).

The chemical composition of the manganese-iron sulfide found in
the Jajh deh Kot Lalu enstatite chondrite suggests its identity with
ferro alabandite. It was found to contain 45.8% Mn, 11.7% Fe,

" 37.4% S, and minor amounts of Mg (2.15 per cemt), Ca (0.20 per cent),
and Cr (0.55 per cent) (Table 1). Thus, the composition of this
mineral is Aifferent from the ferromagnesian alabandite discovered
in the Norton County achondrite (KEIL and FREDRIKSSON, 1963),

which contains considerably more Mg (10 per cent) and somewhat

more Fe_(l§)2.per cent).

The ferro alabaqdite of the present meteorite occurs in
exsolution lamellae (Fig. 9) and cigar shaped bodies (Fig. 10) in
the troilite. This is contrary to the appearance of the ferro-
magnesian alabandite in the Norton County enstatite achondrite,
where It occurs in grains isolated from troilite. The ferro
alabandite exsolution lamellae in the troilite of the Jajh deh Kot
Lalu enstatite chondrite are always parallel to the daubreelite

exsolution lamellae (Figs. 1, 3, and 8-10).
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Graphite

Graphite has been observed in two types in the meteorite, both
of them being associated with the metallic nickel-iron. One type
occurs in xenomorphic flakes in the metallic nickel-iron (Fig. 11).
The xenomorphic type is quite abundant and has been cobserved in
many nickel-iron grains. The second type was observed in only one
example and resembles what has been described in the iiterature as
cliftonite. As early as 1863 ROSE suggested that the cubical graphite
crystals occasionally found in iron meteorites pay be pseudomorphs
of graphite after diamond, a point of view that has been supported
by many students of meteorites, although it has not jet been proven.
So far, these pseudomorphs have only been observed in iron meteorites,
although RAMDOHR (1963) described well-orientated lamellar aggregates
of graphite from the Indarch enstatite chondrite, which he interprets
as possiblé pseudomorphs after some cubic mineral. The occurrence of
‘cliftonite in an enstatite chondrite would be quite significant with
regard to the pressure history of the rock. It would indicate that
at one time diamond may have been formed in it. Although the graphite
al cbserved in the Jajh den Kbt-Lalu enstatite chondrite resembles
in its external shape the typical cliftonite pseudomorphs from
iron meteorites, its cliftonite nature has been questioned by
Frondel (private communication). Frondel pointed out that the
cliftonites from iron meteorites are always characterized by typical

preferred orientation of the graphite resulting in very definite
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sectors with different optical orientations due to reflection
dichroism and reflection birefringence. The crystal shown in
Fig. 13 is also optically anisotropic in reflected light with
symmetrical extinction but without sectors of different
orientation.

The chemical composition of the graphite in the Jajh deh Kot
Ialu enstatite chondrite determined by electron microprobe analysis
using newly developed carbon deteqtion systems was found to be

essentially 100% C (Table 1).
Schreibersite

Schreibersite is an accessory mineral in the meteorite and
is usually associated with metallic nickel-iron. It was occasionally
found in large grains up to 300 microns in diameter (Fig. 14). Also
it was noted as a thin rim around kemacite grains. It was found to

contain 62.4% Fe, 22.4% Ni, 15.4% P, and 0.30% Co.
Sinoite

In the course of the electron microprobe study of the Jajh deh
Kot Lalu enstatite chondrite a new mineral, a silicon-nitrogen-oxygen
coﬁpound, was discovered (KEIL and ANDERSEN, 196ka). Newly developed
oxygen and nitrogen detection systems were successfully applied

to ascertain its composition with the electron probe. The results
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of the quantitative microprobe analyses indicated a compound close
to SigNs0 in composition (Table 2). Almost simultaneously an
account of synthetic SizNo0 was published by BROSSET and IDRESTEDT
(1964). These authors prepared the compound by heating a mixture
of silicon and quartz powder in an atmosphere of nitrogen at lh50° C
and found it to be orthorhombic with cell dimensions a = 8.843 A;
b = 5.473 A; c = 4,835 A. The silicon-nitrogen-oxygen compound
from the Jajh deh Kot Lalu enstatite chondrite was therefore
separated for X-ray diffraction and crystal optics studies and
compared with data obtained from the synthetic SiNo0. The com-
~pound from the Jajh deh Kot Lalu enstatite chondrite and the synthetic
SioNo0 were found to be practically identical (ANDERSEN et al., 1964).
The name sinoite is proposed for the silicon oxynitride occurring
as a natural mineral in the meteorite, this name being directly
derived from its chemical composition.

Sinoite occurs in lath-like crystals up to about 200 microns
in length, botﬂ\in the silicate matrix of the meteorite as well as
associated with metallic nickel-iron (Figs. 15 and 16). In the
latter case the sinoite often obtrudes its shape upon the metallic
nickel-iron. In thin sections the mineral is colorless with high
bilrefringence and higher refractive indices than the surrounding
enstatite. In polished sections it appears light gray and is

distinctly different from the enstatite (Fig. 15).
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During the electron microprobe analyses the exact position of
the impingement of the electron beam on the mineral was observed as
a distinctive greenish-yellow luminescence. The chemical composi-
tion of the mineral obtained by means of electron microprobe analysis
is given in Table 2 in comparison to theoretical SioNoO. The sili-
con values agree well, however, there is a slight difference in the

oxygen and nitrogen values between sincite and theoretical SisN0.

. These differences may in part be due to the uncertainties in the

oxygen and nitrogen measurements (accuracy *15 per cent of the amount
present). However, the fact that the nitrogen value is higher and
the oxygen value is lower in the sinoite in comparison to theoret-
ical SipNz0 seems to suggest that the mineral may not have exactly
stoichiometric¢ composition but may really be somewhat richer in
nitrogen and poorer in oxygen.

The quantitative chemical composition of the mineral was obtained

e

by moving the polished section in steps of 3 microns under a stationary
electron beam éﬁa carrying out quantitative analyses after every

step. An example of such a one-dimensional chemical profile is

given in Fig. 17. It was taken along track B of Fig. 16. In this
profile two separate traverses were made, one giving simultaneous
analyses of silicon and nitrogen, and the other giving simultaneous
analyses of silicon and oxygen. The same line of traverse was
attempted on both runs. On a micron scale, however, duplication of
exactly the same point of integration is extremely difficult. This

is indicated in Fig. 17 by the slight differences in the two silicon

profiles. This also accounts for the fact that tpe silicon,
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nitrogen, and oxygen numbers obtained in the two different runs do

not always add up to 100 per cent. Similar traverses have been

taken on several other grains with essentially the same results.

The following conclusions may be drawn from Fig. 17:

S

It is appérent that the composition of the grain away

from the grain boundaries is, on a micron scale, rather
homogeneous and variations are usually within the preci-
sion of the method as in@icated by the 20 wvalues.

This was also observed in all the other grains of the
mineral analyzed. This 1s particularly demonstrated by

the only slight variations in the silicon values. In
add;tion, the average silicon, nitrogen, and oxygen values
for these regions in different grains agree well within

the precision of the method. ©Not too much should be

read into the various minor fluctuations of the nitrogen
and oxygen values in areas with almost constant silicon
contéﬁts. Such things as surface irregularities and

relief may possibly influence the long wavelength
considerably.

In some instances the fluctuations of the silicon, nitrogen,
and oxygen values clearly exceed the precision of the method,
which is illustrated by the 20 values in Fig. 17. A
decrease in the silicon and nitrogen values sometimes
parallels an increase in the oxygen (ANDERSEN et al.,

1964). The identity of the apparently silicon- and
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nitrogen-poor and oxygen-rich phase is unknown except that

enstatite (MgSiOsz) has been eliminated as a result of the

absence of magnesium. Further work is in progress.

c. There seems to be a tendency of a slight enrichment of

oxygen toward the grain boundaries of the mineral. This

can be seen in the Oy, image of Fig. 16. Similar

observations have been made on other grains (ANDERSEN et al.,

1964) .

The mineral has been separated from the meteorite for further

studies by crushing a 5-gram plece of the stone and fractionating
the powder in methylene-iodine-acetone mixtures of different densi-
ties (ANDERSEN et al., 1964). Sinoite was found to be concentrated
in the 2.80 - 2.85 density fraction. This indicates that its
density is close to that calculated for SipNz0. The refractive
indices were measured by the immersion method and found to be
@ = 1.740, 7 = 1.855 (mean refractive index of synthetic SipNz0 = 1.79).
The closeness éf 7 and 8 indicates that the mineral is optically
negative. The crystals are length-siow, i.e., 7 = c. X-ray diffrac-
tion patterns were taken of sinoite and found to be identical
with those obtained from synthetic SizN-0. However, slight differ-
ences in the intensities of certain X-ray diffraction lines in
sinoite and synthetic SizNz0 may indicate that the sinoite is not
exactly stoichiometric SigNz0, but, in agreement with the microprobe

analyses, somewhat richer in nitrogen,poorer in oxygen.
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DISCUSSION

The rather unusual mineral assemblage of the Jajh deh Kot Lalu
enstatite chondrite and the composition of these minerals indicates
that the meteorite was formed under ektremely reducing conditions.
This is suggested by the low ferrous iron content (O0.%5 per cent)
of the enstatite in the presence of some 20 per cent metallic
nickel-iron as well as in the absence of the oxygen richer Fe-Mg
silicate olivine. The high degree of reduction is also apparent
in the chalophilic tendencies exhibited by elements of ordinarily
lithophilie character, such as Ti, Cr, Mn, Mg, and Ca, as well as
by the occurrence of Si in solid solution in the metallic nickel-
iron. The occurrence of sinoite (SioNo0) together with tridymite*
in the meteorite further indicates that there was not sufficient
oxygen available to bind all the excess silicon as Si0Os.

The occurrence of the new mineral sinoite (SisNo0) seems to
be of particular significance for the specific and extraordinary
environment in whiéh this rock was formed. Unfortunately there are
no thermodynamic daté available on this compound. A discussion of
its conditions of formation is therefore limited at the present time.
The compound has been synthesized by heating a silicon and quartz

powder in a nitrogen atmosphere at 1450° C (BROSSET and IDRESTEDT, 1964).

*Pridymite was not observed in this specimen of Jajh deh Kot Lalu

but was identified by X-ray diffraction and crystal optics studies
carried out by B. Mason on crushed and density separated fractions of

other specimens of the same meteorite (ANDERSEN et al., 1964).
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It seems possible that the compound in the meteorite may
have formed in a similar process from SiO, in a highly reducing

environment, where nitrogen was available.

Of particular significance is the similarity in the mineralogy

of enstatite chondrites and enstatite achondrites. The chemical-
mineralogical relationships between thgse two groups will be
discussed in more detail elsewhere (KEIL. and ANDERSEN,.1964b,c).
However, some of the relationships that became apparent in the
present study will be discussed briefly.

It was suggested by RINGWOOD (1961), MASON (1962), LOVERING
(1962), KEIL and FREDRIKSSON (1963), MORGAN and LOVERING (196k4),
and others that enstatite achondrites may have been derived via
remelting of enstatite chondrite type stones with simultaneous
gravitational separation under highly reducing conditions. This
sﬁggestion is supported by the results of the present study.

The two.meteorite groups are quite different in the;r bulk
chemical comp;;itions; these differences being lérgely due to the

loss of Fe, Ni, and S in the enstatite achondrites in comparison

to enstatite chondrites. This can be interpreted by gravitational

separation of most of the metallic nickel~iron, troilite, and the
other sulfides from the enstatite chondrite type parent material.
However, the mineralogy of the two groups is quite similar,

although there are considerable differences in the amounts of the

heavy minerals as well as in the textures of the two groups. Both
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contain the same minerals, among them rare compounds like ferro
valabandite, daubreelite, oldhamite, etec. Even nitrogen compounds
are present in both types (SisN-0 in the Jajh deh Kot Lalu enstatite
chondrite, TiN in the Bustee enstatite achondrite). Textural and
structural differences may be interpreted in the light of the above
mentioned bypothesis. While the enstatite chondrites are usually
dark, dense rocks with or without chondrules, the enstatite
achondrites are coarse grained and light in color. In the enstatite
chondrites daﬁbreelite and ferro alabandite often form exsolution
laméllae in fhe troilite, while in the enstatite achonrites these
minerals occur in individual grains frequently separated from
each other.

The higﬁly redqcing environment is characteristic of both
groups. Particularly significant are the Ti contents of the troi-
lite. The enstatite chondrites have troilite with about O.6% Ti

without much variation from grain to grain and from meteorite to

~

meteorite. In the enstatite achondrites, however, the Ti content
varies from grain to grain and frequently exceed several per cent.
This effect may be due to progressive enrichment of Ti in the iron
sulfide remaining in the achondrites during the course of the
gravitational separation under highly reducing conditions (KEIL
and ANDERSEN, 196lb,c). That the gravitational separation
occurred under highly reducing conditions is further indicated by

the low nickel contents of the kamacite in enstatite achondrites
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" (~3.5 per cent) compared to the higher nickel content in the metal

of enstatite chondrites (~6 per cent). This difference may be due
to a reduction of the minor amounts of divalent iron, known to be
present in silicates of enstatite chondrites, to the metal phase

in the process of remelting (KEIL and FREDRIKSSON, 1963). The
considerable amoqnts of graphite present in enstatite chondrites

and its apparent absence in enstatite achondrites seem.to indicate
that the graphite (among others).may have acted as a feducing agent
in the proceés of remelting the enstatite chondrite material and
thus was lost.

However, the problem of crystallization of enstatite directly
from a melt of approximately enstatite composition remains still.
unsolved (FOSHAG, 1940).

Systematic electron microprobe studies of the other enstatite
chondrites and enstatite achondrites are presently in progress and

will be reported elsewhere.

~—
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Table 2.- Composition of silicon oxynitride from the Jajh deh
Kot Lalu enstatite chondrite as obtained by electron
microprobe techniques (5 kv) in comparison to theoretical

SisNoO (weight per cent).

Silicon oxynitride SisNo0
Element from Jajh deh theoretical
Kot Ialu composition
Si 56.6 56.1
N 31.5 27.9
0 13.1 15.9
Total 101.2 99.9
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FIGURE CAPTIONS

Fig. 1(a).- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of complex mineral assemblage (Tr - troilite,
Daub. - daubreelite, 01d - oldhamite, Fe alab - ferro alabandite,
NiFe - metallic nickel-iron, En - enstatite, Pig - pigeonite,
0lig - oligoclase, A to D are tracks of quantitative analyses).
The BSE (backscattered electron) image is a measurewa the
average atomic number (the brighter the image, the higher the
average atomic number) and reveals surface irregularities.
Pictures marked Fe, Ni, Si, and Ti were taken using the Ko
wavelengths of these elements. The Si content of the metallic
nickel-iron and the Ti content of the troilite are remarkable
(continues with Fig. 1{b)).

Fig. 1{b).- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of complex mineral assemblage (same area as in
Fig. l(d))l=»Pictures marked Mn, Mg, Cr, Al, Ca, and S’ were
taken with the Ka_wavelengths of these elements. Oligoclase is

recognized by its high Al content; the daubreelite (Cr image)

;

does not contaln Al. parent Al content in the Al image
is due to fourth-order Crgp radiation. A thin rim of pigeonite
between enstatite and NiFe is recognized in the Ca image. The

ferro alabandite is characterized by its high Mn content.
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Fig. 2.- Jajh deh Kot Lalu enstatite chondrite. Quantitative Fe,
Ca, and Mg analyses along track B of Fig. 1(a) (corrected
weight per cent). The analyses were carried out by moving the
sample in 2 micrqn steps under a fixed-electron beam and inte-
grating after each step. The measurements were taken coming
from metallic nickel-iron (high Fe) over a small oldhamite
grain (Ca - peak) into pigeonite (Mg - peak) and again_into
oldhamite (high Ca). The pigeonite composition (shown in
Table 1) was obtained by evaluating several of these tracks.

Fig. 3.- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of titanium bearing troilite with ferro
alabandite and daubreelite exsolution lamellae. BSE is back-

scattered electron image. Fe, Cr, Mn, S, and Ti are pictures

taken with the Ka wavelengths of these elements. The daubreelite

is recognized by its Cr content, the ferro alabandite by its Mn

content. The.homogeneous distribution of the Ti in the troilite

is apparent. \Some nickel-iron (very bright image, upper right
corner of BSE image) and enstatite (black in BSE image) are
present;

Fig. %.- Jajh deh Kot Lalu enstatite chondrite. Polished section,
reflected light. Photomicrograph of oldhamite rich area.
Oldhamite (gray grains with high relief); nickel-iron (white);
troilite (light gray, together with nickel-iron); enstatite
(gray main matrix); feldspar (deep dark areas in enstatite

mabrix).
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Fig. 5.~ Jajh deh Kot Ialu enstatite chondrite. Polished section,
reflected light. Photomicrograph of oldhamite (center, gray,
high relief) with bands of daubreelite (light gray) and
troilite (white). Several other oldhamite grains (upper right
corner, and center, near the edge) and troilite grains (1ight
gray) are also shown. Dark gray matrix is enstatite.

Fig. 6.- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of troilite with rim of oldhamite. BSE is
backsqattered electron image. Caggy, AlKq, SKas Sikqs MgKa’
and Og, are pictures taken in the Ka wavelengths of these
elements. The thin rim (~4% microns) of oldhamite around troilite
is recognized in the Cag, and Sy, images. Troilite is white in

" the BSE image and shows up in the Sy, image. Feldspar is
characterized by its Ca and Al contents. The lower part of
the picture is enstatite, characterized by its Mg, Si, and O
contentgf The OKOL image was taken using prototypes of newly
developed gispersive detection systems.

Fig. T.- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of oldhamite in an enstatite matrix. BSE is
backseattered clectron image. Ca, Mn, S, Fe, and Mg are pictures
taken with the Ka wavelengths of these elements. The outlines
of the oldhamite grain are shown in the BSE, Ca, Mn, and S
images. The dark lines in the BSE image of the oldhamite are
cracks. Areas with high Mg contents are enstatite. The bright

areas in the Fe image are troilite and nickel-iron.
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Fig. 8.- Jajh deh Kot Lalu enstatite chondrite. Polished section,
reflected light. Photomicrograph of troilite (main mass) with
daubreelite exsolution lamellae (light gray) of various thick-
nesses. Dark matrix is enstatite.

Fig. 9.- Jajh deh Kot Lalu enstatite chondrite. Polished section,
reflected light. Photomicrograph of troilite (main mass) with
Terro alabandite (dark gray) and daubreelite ‘(light. gray)
exsolution lamellae parallel tg each other. White is metallic
nickel-iron (upper left corner and lower edge). Dark matrix
is enstatite.

Fig. 10.- Jajh deh Kot Lalu.enstatite chondrite. Polished section,
reflected light. Photomicrograph of troilite (main mass) with
daubreelite (light gray) and cigar shaped bodies of ferro
alsbandite (dark gray) associated with it. Surrounding matrix
is enstatite (dark).

Fig. 11.- Jgjh deh Kot Ialu enstatite chondrite. Electron beam
scanning piétures of graphite flakes enclosed in metallic
nickel-iron. BSE is backscattered electron image. C, Fe, S5i,
and S are pictures taken in the Ko wavelengths of these elements,
The graphite flakes are recognized in the C image. The Ck, image
was taken using newly developed barium stearate pseudocrystal
detection systems. The metallic nickel-iron is bright in the
BSE image and contains some Si (Si image). Some troilite occurs
adjacent to the metallic nickel-iron (S image), but does not
contain graphite. The matric surrounding the metallic nickel-iron

and troilite (dark in BSE) is enstatite and feldspar, respectively.
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Fig. 12.- Jajh deh Kot Lalu enstatite chondrite. ZElectron beam
scanning pictures of (pseudomorph?) graphite associated with
metallic nickel-iron and troilite in an enstatite and feldspar
matrix. BSE i1s backscattered electron image. C, Fe, and Si are
pictures taken in the Ka wavelengths of these elements: In BSE
the graphite is black, nickel-iron and troilite are white, and
enstatite and feldspar show intermediate intensities. _The
graphite is recognized in the C image. The Cg, image was taken
using newly developed barium stearate pseudocrystal detection
systems. Metallic nickel-iron and troilite are distinguished
in the lower left corner of the Fe image due to higher Fe
intensities on the nickel-iron. The enstatite and feldspar matrix
is bright in the Si image.

Fig. 13(a).- Jajh deh Kot Lalu enstatite chondrite. Polished section,
reflected light. Photomicrograph of graphite (ef. Fig. 12),
possibly é pseudomorph after a cubic mineral (center, gray) ,
associated Q&th nickel-iron and -troilite (white) in enstatite
and feldspar mabtrix (gray main mass). Euhedral enstatite crystal
at the lower right corner of the graphite obtrudes its shape
upon the metallic nickel-iron.

Fig. 13(b).- Jajh deh Kot Lalu enstatite chondrite. Polished section,
éeflected light. Photomicrograph of the same area as in Fig. l3(a),
but with crossed polarizators. The graphite appears to be

anisotropic with symmetric extinction.
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Fig. 1k.- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of schreibersite, associated with nickel-iron,
in enstatite matrix. Fey,, Nig,» PKa’ Mgy, » and SiKa are
pictures taken in the Ka wavelengths of these elements. The
schreibersite 1s characterized by its high Ni and P
contents.

Fig. 15.- Jajh deh Kot Lalu enstatite chondrite. Polished section,
reflected light, FPhotomicrograph of sinoite (center, light gray)
associated with nickel-iron (white), ferro alabandite (left,
light gray), enstatite (gray main mass).

Fig. 16.- Jajh deh Kot Lalu enstatite chondrite. Electron beam
scanning pictures of sinoite (SigNgO), associated with metallic
nickel;iron and enstatite. Fery, Sik,., OKQ, and Nk, are pictures
taken in the Ka wavelengths of these elements. The Ngq and Oy,
images were taken using newly developed dispersive detection
Bystem;. The sinoite is characterized by its high Si and N
contents. ”The Oxy image shows slight enrichments of O on the
grain boundaries of the sinoite. The quantitative measurements
plotted in Fig. 16 were carried out along track B. The

riangular shape of the sinoite grain on the left side of the

Sik, image is remarkable. The matrix surrounding the sinoite

is enstatite (Sig, and Ogq image). The metallic nickel-iron

is characterized by its high Fe content (Fer, image). The

apparent Nk, intensities on the metallic nickel-iron and on the

enstatite are due to high background values at this wavelength.
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Fig. 17.- Jajh deh Kot Lalu enstatite chondrite. Quantitative
Si, N, and O microprobe analyses of the silicon oxynitride
grain shown in Fig. 16, track B. Quantitative analyses were
performed by traversing the grains with point-by-point,

integration 3 microns apart.
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